Background: Prevention and treatment of advanced prostate cancer (PCa) by a nontoxic agent can improve outcome, while maintaining quality of life. 4-methylumbelliferone (4-MU) is a dietary supplement that inhibits hyaluronic acid (HA) synthesis. We evaluated the chemopreventive and therapeutic efficacy and mechanism of action of 4-MU.
Effective control of localized prostate cancer (PCa) and of its metastatic spread by consumption of a nontoxic dietary supplement can potentially delay/avoid treatment of low-risk localized PCa and halt progression in patients with advanced disease. 4-methylumbelliferone (4-MU; 7-hydroxy-4-methylcoumarin or hymecromone) is a dietary supplement consumed in Europe article and Asia for improving liver health. 4-MU is known to inhibit synthesis of hyaluronic acid (HA), a nonsulfated glycosaminoglycan. HA and HA family members-HA synthases (ie, HAS1, HAS2, HAS3), HA receptors (ie, cluster of differentiation antigen 44 [CD44], hyaluronan-mediated motility receptor [RHAMM] ) and hyaluronidases (mainly HYAL-1)-promote tumor growth and progression. HA family members are potential diagnostic and prognostic markers for several cancers (1) (2) (3) (4) (5) (6) (7) . For example, HA expression is elevated in PCa tissues, and together with HYAL-1 expression it predicts biochemical recurrence (8, 9) . In tumor tissues, HA is contributed by both tumor cells and associated stroma and is a mixture of large polymers and HA fragments, some of which are angiogenic (2) . Interaction between pericellular HA and CD44/RHAMM promotes cell survival, cancer stemness, motility, and invasion by activating intracellular signaling (10) (11) (12) (13) (14) (15) . In preclinical models, while HA synthases and/or HYAL-1 enhance tumor growth, metastasis, and angiogenesis, their knockdown inhibits tumor cell functions (16) (17) (18) (19) (20) (21) (22) . Because cancer cells express more than one HA synthase, targeting HA synthesis by small molecule inhibitors may be effective in cancer chemoprevention and treatment (12) .
Inhibition of HA synthesis by 4-MU has been examined in a few model systems (23) (24) (25) (26) (27) . Mammalian cells synthesize HA using UDP-glucuronic acid (UGA) and UDP-N-acetyl-D-glucosamine. UGA is a substrate for UDP-glucuronosyltransferases (28) (29) (30) . In cells treated with 4-MU, UDP-glucuronosyltransferase transfers glucuronic acid onto 4-MU. This depletes the intracellular pool of UGA, leading to blockade of HA synthesis. The Km values of UDP-glucuronosyltransferases and HA synthases range between 100 and 900 µM; consequently, the IC 50 of 4-MU to inhibit HA synthesis is approximately 0.4 mM (~70 µg/mL; [28] [29] [30] ). 4-MU also downregulates the expression of HAS2, HAS3, and UDPdehydrogenase; these are key enzymes in glycosaminoglycan synthesis (31, 32) .
Because of its fluorescence, 4-MU is widely used as a fluorescent indicator in enzyme assays. In small clinical trials, 4-MU has shown choleretic and antispasmodic properties with improvement in liver and gallbladder functions (14, (33) (34) (35) . Although a coumarin-derivative, 4-MU lacks antisperminogenic and anti-aromatase activities of coumarin, and unlike Coumadin it has no anticoagulant activity (36) (37) (38) (39) . The maximum tolerated dose of 4-MU in mice is 2.8 to 7.3 g/kg [National Institute for Occupational Safety and Health (NIOSH) registry: registry of toxic effects of chemical substances (RTECs) number GN7000000]. We have previously reported that, at the IC 50 for HA synthesis, 4-MU inhibits proliferation, invasion, and motility of PCa cells in vitro and subcutaneous growth of PC3-MLxenografts (39). 4-MU has also shown antitumor activity in a few tumor models at doses of 1 to 3 g/day; however, 4-MU has not been evaluated for its chemopreventive activity and/or therapeutic efficacy in transgenic models, at various stages of cancer progression, or at doses comparable with those in human use [23] [24] [25] 27) . We evaluated chemopreventive and therapeutic efficacy of 4-MU in three PCa mouse models-TRAMP, PC3-ML/Luc + skeletal metastasis, and DU145 subcutaneous implantation. We also investigated the mechanism of action of 4-MU.
Methods

Cells and Reagents
Culture conditions for human PCa cell lines DU145, PC3-ML, and LNCaP cells are described in the Supplementary Methods (available online). Sodium salt of 4-MU (MW: 198) was purchased from Sigma-Aldrich, Saint Louis, MO; other reagents and antibodies are listed in the Supplementary Methods (available online).
TRAMP Model
TRAMP-positive (T+) mice from each breeding (Supplementary Methods, available online) were randomly divided into vehicle and treatment groups. Mice in the vehicle group (n = 28) were orally gavaged daily with 2% sucrose starting at eight weeks and were killed at 22, 28, or 35 weeks. In the treatment groups, mice were gavaged with 450 mg/kg of 4-MU starting at eight (n = 15), 12 (n = 7), or 22 (n = 8) weeks of age for up to 28 weeks. In all treatment groups, 50% of mice were killed at 28 weeks, and the remaining 50% were observed without treatment for up to 52 (8-28 week group), 44 (12-28 week group), or 34 (22-28 week group) weeks. Because the mice in the vehicle group developed large prostate (P) tumors that invaded and fused with seminal vesicles (SVs), the weights of P+SV were measured together. Organ histology was evaluated by a board-certified veterinary pathologist (NA); immunohistochemistry is described in the Supplementary Methods (available online). Mice were imaged weekly using IVIS live animal imaging. Mice in the vehicle group were killed after seven weeks. In treatment groups, the treatment was stopped at seven weeks but the imaging continued until week 14.
Intracardiac Skeletal Metastasis Model
Subcutaneous Xenograft Model
DU145 cells (2x10 6 cells) were injected with 50% Matrigel (BD Biosciences; San Jose, CA) on the dorsal flank of seven-to eightweek-old male athymic mice (seven per group). Mice were treated with vehicle or 4-MU (450 mg/kg) starting on day 0 or on day 8, when tumors became palpable. Tumor volume was measured twice weekly until day 28. On day 28, the treatment in the day 0 group was suspended and tumor growth was monitored until day 46. Table 1 , available online) (10, 40) . PC3-ML cells treated with 4-MU (0 or 0.4 mM) for 24 hours were subjected to article phosphoinositide 3-kinase (PI-3K) activity assay using a PI-3K p85 colorimetric ELISA kit (Active Motif, Carlsbad, CA) or to proximal ligation assay (PLA; using anti-PI-3K and CD44 antibodies) (Supplementary Methods, available online) (41) .
4-MU, HA Treatments, and Transient Transfections
Statistical Analysis
Mean and standard deviation (SD) were computed for quantifiable parameters (eg, P+SV weight, microvessel density [MVD], proliferation index, and transcript levels). Differences among the mean responses between different groups and tumor growth (DU145 model) were compared by one-way analysis of variance (ANOVA) followed by either unpaired t test (eg vehicle vs 8-28 week group) or Tukey's multiple comparison test when comparing more than two groups (eg control, HA, 4-MU, HA+4-MU). Statistical analyses were performed using the GraphPad Prism software, version 4.03. All statistical tests were two-sided.
Results
Efficacy of 4-MU in the TRAMP Model
The TRAMP model progresses through the following stages: normal, hyperplasia, prostatic intra-epithelial neoplasia (PIN: 6-8 weeks), well-differentiated adenocarcinoma (8-14 weeks), poorly differentiated adenocarcinoma (14-22 weeks), metastasis (22) (23) (24) (25) (26) (27) (28) weeks) (42, 43) . Since we have reported potent antitumor activity of 4-MU (450 mg/kg) in a PCa xenograft model (39), we evaluated the efficacy of 4-MU (450 mg/kg) in the TRAMP model using a stage-specific treatment design. This dose is six to 16 times lower than the reported maximum tolerated dose for 4-MU in the NIOSH registry. Because of tumor burden, P+SV weights in 22-and 28-week-old vehicle-treated T+ mice (mean, SD = 0.9 g, 0.043 and 2.6g, 2.5, respectively) were statistically significantly higher than the weights in 28-week-old TRAMP-negative (T-neg) mice (mean, SD = 0.46 g, 0.055; P < .0001) ( Figure 1A ). However, P+SV weights in the 8 to 28 and 12 to 28 (mean, SD = 0.48 g, 0.28 and 0.35 g, 0.035, respectively) week treatment groups were similar to those in T-neg mice (P ≥ .8), suggesting that 4-MU both prevented and inhibited PCa growth. P+SV weights in the 22 to 28 week treatment group (mean, SD = 1.1 g, 0.35) were similar to those in 22-week-old T+ mice (P = .28), suggesting that even at late stages 4-MU inhibited tumor growth ( Figure 1A ). Furthermore, no serum toxicity or weight loss was observed in any treatment groups (Supplementary Figure 1A and Supplementary Table 2 , available online).
Prostate specimens from 28-week-old vehicle-treated mice showed histological features consistent with a poorly differentiated, angiogenic invasive adenocarcinoma with tumor extending into SV ( Figure 1B ). Contrarily, all specimens in the 8 to 28 and 12 to 28 week treatment groups showed normal areas of prostate and prostate acini with low-grade PIN, a characteristic of the eight-week-old T+ prostate ( Figure 1B poorly differentiated carcinoma present in fused acini, the 22 to 28 week treatment group showed high-grade PIN, hyperplastic regions, and intact prostate acini ( Figure 1B) . At 28 weeks, while 60% of the vehicle-treated animals were positive for metastases in the kidney, liver, and/or lung, none in the treatment groups showed organ metastasis ( Figure 1C ; Supplementary Table 3 , available online). The organ histology in the 4-MU-treated and T-neg mice was the same, suggesting that long-term 4-MU treatment did not cause organ toxicity ( Figure 1C ).
HA Expression and Related Phenotypes in TRAMP Tissues
Consistent with 4-MU being an HA synthesis inhibitor, while prostate tissues from the vehicle-treated animals showed strong HA expression (ie, 3+ staining) in tumor cells and tumor-associated stroma, only weak HA expression (ie, 0 to 1+ staining) was observed in all treatment groups ( Figure 1D ). Proliferation indices were statistically significantly reduced in treatment groups (mean, SD = 8-28 wks: 1.6, 1.9; 12-28 wks: 1.2, 0.8; 22-28 wks: 2.8, 2.0) when compared with the vehicle group (50.8, 7.5; P < .0001) ( Figures 1D and 2A) . Similarly, MVD was also statistically significantly reduced in the treatment groups (mean, SD = 8-28 wks: 1.2, 1.3; 12-28 wks: 1.2, 0.83; 22-28 wks: 2.4, 1.7) when compared with the vehicle group (20.8, 7.4; P < .0001) ( Figures 1D and 2B) . While there was a complete loss of E-cadherin expression in the prostate specimens from vehicle-treated animals, E-cadherin was strongly expressed in all treatment groups ( Figure 1D ).
In the TRAMP model, under the control of an androgen-responsive minimal probasin promoter, the transgene SV40 T-antigen initiates tumorigenesis in the prostatic epithelium. However, 4-MU did not downregulate SV40 T-antigen expression in any treatment group (Supplementary Figure 1B, available online) . In advanced stages, the TRAMP model displays neuroendocrine phenotype (44, 45) . When compared with T-neg mice prostate tissues from 28-week-old T+ mice showed a statistically significant increase in the expression of neuroendocrine markers, chromogranin A (mean, SD = T+: 1.7, 0.36; T-neg: 0.02, 0.006), Foxa1 (T+: 6.5, 1.4; T-neg: 0.27, 0.11), Foxa2 (T+: 2.1, 0.34; T-neg: 0.13, 0.04), and synaptophysin (T+: 7.4, 0.3; T-neg: 0.11, 0.004). However, even the longest duration of 4-MU treatment (8-28 week) did not appreciably decrease the levels of these markers in the prostate tissues of treated animals (Supplementary Figure 1C, available online) .
Prevention of PCa in the TRAMP Model
Although 4-MU treatment was terminated after 28 weeks, mice in the 8 to 28, 12 to 28, and 22 to 28 week groups did not develop prostate tumors even after 52, 44, and 34 weeks, respectively ( Figure 2C ). Furthermore, except for one mouse in the 22 to 28 week group, which developed metastasis after 34 weeks, no other animals in any treatment group developed metastasis (Supplementary Table 3 , available online).
Effect of 4-MU on HA Signaling and Epithelial Mesenchymal Transition
The hallmark of epithelial mesenchymal transition (EMT) is upregulation and activation of β-catenin and subsequent upregulation of transcription factors Zeb1, Zeb2, Twist, and Snail via the β-catenin-LEF/TCF complex; this, in turn, negatively regulates E-cadherin expression (46, 47) . Post-translationally, β-catenin activation/levels are regulated by Akt and glycogen synthase-3 (GSK-3) α/β (48,49). While direct Akt phosphorylation of β-catenin at Ser552 induces its nuclear translocation, phosphorylation at Thr41/Ser45 by GSK-3 α/β marks it for degradation. GSK-3 α/β itself is inactivated by Akt-mediated phosphorylation (Ser21: α; Ser9: β) (48,49). In T+ prostate tissues, when compared with the vehicle group, 4-MU treatment (8-28 week group) statistically significantly downregulated CD44, RHAMM, β-catenin, and Zeb2 transcript levels, but increased E-cadherin mRNA levels (P < .001) ( Figures 2D and 3A) . However, the differences in Zeb1, Twist, and Snail levels were not statistically significant (P > .05) ( Figure 3A) . Immunoblot analysis showed a complete loss of phospho (p) Akt (Ser473), pGSK-3 α/β and pβ-catenin (Ser552), and a downregulation of CD44, RHAMM, β-catenin, and Zeb2 in all treatment groups; contrarily, pβ-catenin (Thr41/Ser45), E-cadherin, and caspase-3 levels were upregulated ( Figure 3B ). 4-MU induced similar changes in the transcript and/or protein levels of CD44, RHAMM, pAkt, pGSK-3 α/β, cleaved caspase-3, and EMT markers in DU145 cells (Figure 3, C and D) .
Targeting of HA Signaling by 4-MU
We have shown that in PCa cells, 4-MU inhibits HA synthesis and downregulates HA signaling including Akt activation (39) . In PC3-ML cells, HA addition prevented 4-MU-mediated downregulation of CD44, RHAMM, β-catenin, and Zeb-2 transcript and protein levels and upregulation of E-cadherin expression ( Figure 4 , A-C). It also prevented 4-MU-induced downregulation of pAkt, pGSK-3 α/β, and pβ-catenin (Ser552) and upregulation of pβ-catenin (Thr41/Ser45) ( Figure 4C ).
When compared with control siRNA transfection, downregulation of both HA receptors in PC3-ML cells by siRNA transfection decreased Zeb-2 (mean [n = 2] = control: 1.61; CD44+RHAMM siRNA: 0.78) and β-catenin (mean [n = 2] = control: 10.9; CD44+RHAMM siRNA: 6.8) transcript levels and increased E-cadherin expression (mean [n = 2] = control: 0.29; CD44+RHAMM siRNA: 1.1) ( Figure 4D ). Therefore, effects of 4-MU on EMT effectors are caused by abrogation of HA receptor-mediated signaling, subsequent to HA synthesis inhibition.
In the mAkt-transfected PC3-ML cells, which constitutively overexpress mAkt, 4-MU did not downregulate CD44, RHAMM, β-catenin, or Zeb2 transcript levels or upregulate E-cadherin ( Figure 5A ). Furthermore, 4-MU did not substantially affect the protein levels of these effectors nor their phosphorylated forms (ie, pAkt, pGSK-3 α/β, pβ-catenin [Ser552], pβ-catenin [Thr41/ Ser45]) ( Figure 5B ).
Inhibition of PI-3K Activation by 4-MU
Because 4-MU inhibits Akt activation, we determined whether 4-MU downregulated PI-3K activity. In PC3-ML cells treated Figure 5D ). We have previously shown that PI-3K forms a complex with CD44 (10). PLA followed by confocal microscopy showed that in PC3-ML cells CD44 and PI-3K were present in the same microdomains (proximity < 40 nm); however, the complex formation was inhibited more than 90% in 4-MU treated cells ( Figure 6A ).
Efficacy of 4-MU in Xenograft and Bone Metastasis Models
In the DU145 subcutaneous xenograft model, daily gavage of 4-MU inhibited tumor growth by 85% to 90% regardless of whether the treatment began at the time of tumor cell injection (day 0) or when the tumors became palpable on day 8 (tumor volume (mm In the PC3-ML/Luc + intracardiac bone metastasis model, vehicle-treated mice developed skeletal metastasis in the jaw, pelvis, femur, and spinal cord within seven weeks ( Figure 6C ). However, regardless of whether 4-MU treatment started five days before (Groups 1 and 2) or at the time of (Group 3) PC3-ML/ Luc + cell injection, no animals in any treatment group developed skeletal metastasis even after 14 weeks, although the treatment was terminated at seven weeks ( Figure 6C ).
Comparison of 4-MU Products
We compared the efficacy of 4-MU with Cholspamin Forte-4-MU sold as an over-the-counter dietary supplement in Europe. At equivalent concentrations, cytotoxic activities of Cholspamin Forte and 4-MU were comparable (Supplementary Figure 1D , available online).
Effect of 4-MU on Androgen-Dependent Growth
It has been reported that at 1 µM concentration 4-MU inhibits glucuronidation of androgen and, therefore, increases the androgendependent growth of LNCaP cells (50) . In a similar study design, dihydrotestosterone (DHT; 10 nM) alone increased the growth of 
Discussion
Our study demonstrates that 4-MU, which is consumed for improving liver health, has clinically significant chemopreventive and therapeutic efficacy against PCa development, growth, and metastasis, without toxicity. Furthermore, the study delineates the mechanism that dictates this efficacy.
Because of serum PSA testing, there is increased frequency in the detection of low-volume, low-risk PCa (stage T1C). In these patients a nontoxic dietary supplement with potent chemopreventive properties can delay or avoid prostatectomy/ radiation therapy by inhibiting disease progression (51) . In the stage-specific treatment design, for the 8 to 28 and 12 to 28 week treatment groups, 4-MU treatment began at the PIN and welldifferentiated adenocarcinoma stages, respectively; these stages represent low-volume, low-risk PCa. In these groups 4-MU treatment inhibited PCa development for up to one year. This suggests that 4-MU has strong chemopreventive and therapeutic efficacies, and furthermore, the earlier the treatment begins the better the protective effect. Even when treatment began at the poorly differentiated carcinoma stage (22-28 week group,) 4-MU not only inhibited PCa growth but also restored the prostate acini architecture. The observed potent antimetastatic effects of 4-MU, regardless of the stage at which the treatment commenced, suggest that 4-MU is effective against advanced PCa.
Although the TRAMP model is probably the most aggressive transgenic model of PCa, in late stages it expresses neuroendocrine phenotype markers (42, 43) . Furthermore, Akt activation promotes neuroendocrine differentiation (52). 4-MU treatment did not statistically significantly alter the expression of neuroendocrine markers and of SV40 T-antigen, suggesting that the antitumor and antimetastatic effects of 4-MU are unrelated to the transgene expression and the neuroendocrine phenotype.
Although PCa frequently metastasizes to bone, transgenic PCa models rarely develop bone metastasis (53) . However, the PC3-ML/ Luc+ intracardiac injection model reliably develops bony metastasis (54) . In this model, regardless of whether the treatment was started a few days before or on the day of tumor cell injection, 4-MU abrogated/prevented skeletal metastasis. 4-MU has also shown efficacy against bone metastasis in a breast cancer model (55) . Therefore, daily intake of 4-MU could potentially prevent bone metastasis in high-risk patients and have efficacy against metastatic PCa. In the proliferation assay, the combination index calculated by Chou-Talalay analysis (Calcusyn; Biosoft Inc. Great Shelford, Cambridge, GB-United Kingdom) was 0.061.
article Doses of 4-MU (200-450 mg/kg) used in our study are equivalent to the dose in humans (1.5-2 g/day) as a dietary supplement. Although at these effective doses 4-MU has no detectable toxicity, they are higher than the doses of most anticancer drugs. Targeting the HA pathway with other agents has met with limited success. D-mannose inhibits HA synthesis at high concentrations (IC 50 = 20 mM [56] ); however, its antitumor activity has not been evaluated. A Curcumin analogue (hylin) inhibits multidrug resistance protein 5-mediated export of HA in fibroblasts (IC 50 ~ 5 µM [57] ). However, the antitumor activity of this analog has not been evaluated. We have previously shown that sulfated HA, a hyaluronidase inhibitor, displays antitumor activity by abrogating HA signaling. However, its oral bioavailability and activity in transgenic or experimental metastasis models have not been evaluated (10) . Pharmacokinetic studies in rodents have shown that 4-MU is biotransformed into sulfated and glucuronidated derivatives in the liver, kidney, and intestine. While 4-MU and its sulfated derivative undergo futile cycling, glucuronidation is the terminal transformation; glucuronidated derivatives of 4-MU are cleared by urinary excretion (58) (59) (60) (61) (62) . Therefore, based on the favorable toxicity profile and high efficacy in three different models of PCa, our study shows that 4-MU can be potentially translated to clinical trials (23) (24) (25) (26) (27) .
Inhibition of bone metastasis by 4-MU in the PC3-ML model is notable because these cells are PTEN negative (63) . Loss of PTEN is associated with higher Gleason grade and PCa recurrence, as it increases Akt activation (64) . We have previously shown that 4-MU has potent cytotoxic and anti-invasive activities in PCa cells, regardless of their androgen sensitivity, or androgen receptor, p53, Rb, and/or PTEN status (39) . Furthermore, 4-MU also does not alter androgen receptor expression (unpublished results). Contrary to a study that reported that as a "UDP-glucuronate scavenger" at 1 µM concentration 4-MU competitively inhibits glucuronidation of androgen and increases androgen-dependent growth of LNCaP cells, in our study 4-MU did not display this effect (50) . Based on the high Km values of UDP-glucuronosyltransferases (0.1-0.9 mM) it is intriguing how 4-MU would competitively inhibit the article glucuronidation of substances including androgen at 1 µM concentration. Based on the present and published studies, inhibition of HA synthesis appears to be the major mechanism for the antitumor activity of 4-MU (22) (23) (24) (25) (26) (27) (28) (29) 39) .
Based on the mechanistic findings of our study, we propose that HA present in the tumor-associated matrix binds HA receptors (CD44, RHAMM) and promotes a complex formation between HA receptors and PI-3K at the plasma membrane. This complex activates PI-3K, which in turn activates Akt and downstream signaling-GSK-3 α/β inactivation, β-catenin stabilization/activation, β-catenin and Zeb-2 upregulation, E-cadherin downregulation, and upregulation of HA receptors (feedback loop). This intracellular signaling promotes proliferation, motility/invasion, EMT, metastasis, and angiogenesis ( Figure 6D ). By inhibiting HA synthesis, 4-MU blocks the first step in this pathway, causing inhibition of PI-3K/Akt signaling and EMT reversal ( Figure 6D ). β-catenin is an important mediator of Wnt signaling and consistent with the decreased β-catenin levels; 4-MU also downregulated cyclin D1 levels, a β-catenin/Wnt pathway effector. However, 4-MU plausibly does not directly affect the Wnt pathway, because it did not alter dishevelled levels/status (unpublished results [65] ). HA rescue and mAkt overexpression experiments further emphasize the presence of a feedback loop between Akt activation and HA receptors. Therefore, by inhibiting HA synthesis, 4-MU displays potent chemopreventive and therapeutic efficacy against PCa development, growth, metastasis, and angiogenesis in preclinical models.
In summary, our study demonstrates that the nontoxic dietary supplement 4-MU displays potent chemopreventive and therapeutic efficacy against localized and metastatic PCa in preclinical models by targeting HA signaling. A limitation of our study is that the efficacy of 4-MU was evaluated in preclinical models only. Although, the doses of 4-MU used in the mouse models were comparable with those in human use as a dietary supplement and 4-MU was found to be nontoxic, phase I clinical trials are warranted for dose optimization and evaluation of toxicity (if any) at the therapeutic dose.
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